Abstract Neutral beam injection heating is one of the main auxiliary heating methods in controllable nuclear fusion research. In the EAST neutral beam injector, a water flow calorimetry (WFC) system is applied to measure the heat load on the electrode system of the ion source and the heat loading components of the beamline. Due to the heat loss in the return water pipe, there are some measuring errors for the current WFC system. In this paper, the errors were measured experimentally and analyzed theoretically, which lay a basis for the exact calculation of beam power deposition distribution and neutralization efficiency.
Introduction
Neutral beam injection is one of the most effective means of plasma heating and has also been verified to be applicable for current driving [1−4] . In order to support the physical research of the experimental advanced superconducting tokomak (EAST), two sets of neutral beam injectors have been developed in the Institute of Plasma Physics, Chinese Academy of Sciences [5−11] . In order to measure the temperature rise and flow rate of cooling water through heat loading components, a water flow calorimetry (WFC) system has been established [12, 13] . As a routine and useful diagnostic method, the WFC system can give the power deposition on the heat loading components of ion source and beamline [14, 15] . By using the calorimeter as a beam stopping target, the WFC system can also give the neutral beam power and neutralization efficiency, which are the key parameters for a physical analysis of the neutral beam injector (NBI) experiment.
In the current WFC system, there are some deviations between the output power of an accelerating power supply and the total beam power measured by the WFC system. The error will affect the analysis of beam power deposition. So, it is very important and meaningful work to analyze the error of the WFC system. Considering the problem of high voltage isolation, there are almost 10 meters between the cooling water exit of the tank and the differential temperature transducer (DTT, DELTA Company America; Accuracy: ±0.04 o C; Sensitivity: 0.401 mV per degree Celsius differential). Thus some heat will be lost through the pipe wall. This paper mainly evaluates the error and presents the solution.
Principle and method
In order to measure the power lost through the pipe wall, the WFC system was modified as shown in Fig. 1 . Part of the heat lost through the pipe wall cannot be collected by the differential temperature transducer in the original WFC system. As some complex transient heat transfer problems are accompanied with a temperature variation of the cooling water in the pipe, it is difficult to directly calculate the heat lost through the pipe wall. So, the calorimeter branch of the WFC system was modified (see the right of Fig. 1 ). Fig. 2 shows the relationship between the temperature differences and the time measured by the modified WFC system (Fig. 2) . Fig.2 The relationship between the temperature differences and the time measured by the modified WFC system
The power deposited on the calorimeter by the original WFC system can be written:
(
Here, c p is the specific heat of water, m is the cooling water mass flow rate of the heat-loading component, ∆T 1 is the cooling water temperature rise of DTT1, and τ is the acquisition time. Then, the power loss of the calorimeter branch q can be written:
Here, ∆T 2 is the cooling water temperature rise of DTT2.
Results and discussions
Fig . 2 shows that the peak value of DTT2 is higher than that of DTT1. The heat loss of the pipe is 54.1 kW according to Eq. (2) and the output power of the accelerating power supply is 2440 kW for this shot. The heat loss accounts for 2.2% of the output power of the accelerating power supply. So, it is necessary to correct the error.
In order to analyze the experiment error, some relationships are obtained by processing experimental data. Fig. 3 gives the relationship between energy loss and pulse length with the same accelerating voltage (V acc ) and beam current (I acc ). It shows that energy loss is approximately linear with pulse length, so the pulse length can be neglected in power loss assessment.
In the plasma heating experiment, the different injected power is required at the same voltage, so the power loss at the different beam current is analyzed (shown as Fig. 4 ). The result shows that the power loss is approximately linear with beam current. Considering the optimal operation window of the ion source, the relationship between the heat loss and the voltage under the condition of the same perveance (perveance=I acc /(V acc ) 3/2 ) is analyzed (shown as Fig. 5 ). The result shows that the power loss is the high time function with voltage. Fig.3 The relationship between heat loss and pulse length (Vacc=42 kV, Iacc=19.5 A) Fig.4 The relationship between power loss and current (Vacc=42 kV) Generally, the output power of an accelerating power supply is observable during the experiment, so the relationship between the power loss and the output power of accelerating power supply under the condition of the same perveance is given in Fig. 6 . According to the definition of perveance, the output power of an accelerating power supply is proportional to fiveseconds power of voltage with the same perveance, HU Chundong et al.: Analysis of the Pipe Heat Loss of the WFC System in EAST Neutral Beam Injector and the output power is linear with the heat loss (see Fig. 6 ), so the relationship between power loss and accelerating voltage is five-second power (see Fig. 5 ). The heat loss of the calorimeter branch of each shot can be obtained according to the relationships above. In order to assess the heat loss of the other branches conveniently, the relationship between the heat loss and the heat measured by DTT1 is analyzed. Fig. 7 shows that the heat loss is directly proportional to the heat measured by DTT1. The relationship between the heat loss of the pipe and the heat measured by DTT1 can be written:
Here, x is the heat measured by DTT1, y is the heat loss. Then, the heat loss of the other components is obtained according to the relationship above. Fig.7 The relationship between heat loss and heat measured by DTT1
Generally, a certain heat loss always occurs due to the heat convection of the pipe. In order to verify the reliability of the relationship, the heat loss through the pipe wall is analyzed using the heat transfer. The convection heat transfer q is presented as follows in the steady-state [16] :
Here, A is the area of the heat transfer, h is the heat transfer coefficient, and ∆t is the temperature between fluid and object.
As the heat convection of the pipe here is complex, the heat convection of the pipe consists of 3 phases as shown in Fig. 8 . The first phase is the heat transfer between the cooling water and the inner wall; the second is the heat transfer in the pipe wall; the third is the natural convection between the air and the outer pipe walls. So, the heat transfer q can be expressed as follows [16] :
Here, t f1 is the temperature of the cooling water, t f2 is temperature of the surrounding air, d 1 is the inner diameter of the pipe, and d 2 is the outer diameter of the pipe. h 1 is the heat transfer coefficient of the inner pipe, h 2 is the heat transfer coefficient of the outer, and λ is the thermal conductivity of the pipe. As there is a little difference in temperature between the inlet and the outlet, t f1 changes with the time and location. If the process is taken as steady state, the heat loss through the heat convection of the pipe is obtained. The heat transfer coefficient can be treated as a constant in the cooling water temperature range.
There are about 5 m of vertical pipe and 5 m of horizontal pipe in a practical situation, so the q should calculate with different h 2 due to the different the natural convection. h 21 and h 22 are the vertical and horizontal heat transfer coefficients of the outer wall, respectively. So, the heat loss of the pipe can be estimated with the following formula:
Here o C. Take one shot as an example, and substitute the parameters above into Eq. (6), where the power loss of the pipe outside calorimeter q 1 is 12.5 kW and the power loss of calorimeter branch q 2 is 54.1 kW according to Eq. (2). There is a certain deviation between these two results; the main reason is that the analysis above was based on the following steady state processes. (a) The temperature of the water is considered as a fixed value; however, the temperature of the water is changed with location. (b) The heat transfer coefficient is considered as a constant in the cooling water temperature range. However, the heat transfer coefficient is changed with temperature. There are two further reasons: (a) the horizontal pipe is considered to be completely in contact with the air, and yet parts of the pipe are in contact with the ground; and (b) there is some heat loss by thermal radiation besides thermal convection, however, the thermal radiation was ignored in this assessment.
Conclusion
Based on the analysis above, the relationship between the heat loss through the pipe wall and the heat measured by DDT can be deduced. Moreover, the heat loss is also assessed. Accurate heat deposition distribution on the acceleration grids and heat loading components of the beamline can direct the operation of the ion source, which lays a basis for the exact calculation of beam power deposition distribution and neutralization efficiency. 
